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Abstract We study wide-angle and broadband perfect absorbers with compact multi-
layer structures made of a sequence of ITO and TiN layers deposited onto a silver thick
layer. An optimization procedure is introduced for searching the optimal thicknesses
of the layers so as to design a perfect broadband absorber from 400 nm to 750 nm, for a
wide range of angles of incidence from 0◦ to 50◦, for both polarizations and with a low
emissivity in the mid-infrared. We eventually compare the performances of several
optimal structures that can be very promising for solar thermal energy harvesting and
collectors.
Keywords Multilayer structure · Optical materials and properties · Perfect absorber ·
Solar energy collectors · Thermophotovoltaic
1 Introduction
The “blackbody,” as introduced by Kirchhoff [1], is an ideal body which is a perfect
absorber for all incident radiation: this means for all wavelengths, for both polariza-
tions, and for all angles of incidence [2].
Recently, an increasing interest has been shown in the development of nearly perfect
absorber materials for applications such as solar energy collectors and more in general
for all the thermophotovoltaic applications (TPV), so as to increase the absorbed power
for energy harvesting, storage and conversion as well as for the reprocessing of wasted
heat in industrial processes [3].
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A great improvement in the absorption properties of materials has been achieved by
using carbon nanotube technology. In 2009 nanomaterials based on vertically aligned
single-walled carbon nanotubes exhibiting an absorption of about 98% of the incoming
light in a wide-spectral-range UV–VIS–NIR have been developed [4]. But despite
recent advances in the development of carbon nanotubes (CNT) purity assessment
tools, the macroscale assessment of the overall surface qualities of commercial CNT
materials remains a great challenge, bringing negative impacts on the reliable and
consistent nanomanufacturing of CNT products [5,6].
Recently, most of the perfect absorbers are realized with metamaterials where the
enhancement of the absorption can be obtained thanks to the excitation of the surface
plasmon resonance, for example in gold and silver [7–14]. This can be achieved with
structured metallic surfaces [15], microcavities [16], subwavelength hole arrays and
opals [17,18]. These devices can be designed as efficient solar collectors thanks to the
low thermal emissivity of silver and gold.
Alternatively structured phase change materials [19–22] and chiral metamaterials
[23–26] have been recently used so as to obtain an active switching of the absorption
properties thanks to the metal–insulator transition in one case or to intrinsic/extrinsic
dichroism in the other case.
However, the realization of broadband absorber metamaterials requires long and
expansive procedures with multiple steps of film deposition, photoresist coating, etch-
ing and photoresist removing [27].
Conversely, the design and realization of perfect absorbers with multilayers can be
more convenient [28]. The multilayer structure can be easily theoretically tested by
numerical simulations and optimized by several search methods (genetic algorithms
[29], neural network, steepest descent search method [30,31], etc.) so as to obtain
broadband absorbers for a wide range of angles of incidence. In addition, the multilayer
optically opaque structures are also easy to be characterized by using many different
diagnostic techniques: for example photothermal, photoacoustic and thermographic
techniques [32–35].
Concerning the materials, an increasing interest is shown for inorganic ceramic
materials such as semiconductor-based oxides and transition metal nitrides (TiN)
which represent the alternative plasmonic materials in the visible frequencies [36–
40], with a good thermal stability and with a low emissivity in the infrared [41,42].
Other common materials for optical electronic device applications and solar cells
are the transparent conducting oxides (i.e., ITO) which can support surface plasmon
polariton excitations [43–45].
In this paper we study and optimize a multilayer structure based on a stack of
ITO/TiN layers deposited onto a thick silver layer so as to design the coating material
for a solar thermal collector. Therefore, our purpose is to find the maximum achiev-
able absorbance in the visible, with a low thermal emissivity in the mid-infrared.
We performed numerical simulations by changing the number of layers and the layer
thicknesses, and we applied the steepest descent search method to find the optimal
thicknesses of the multilayer structure. The theoretical results are eventually discussed
and compared with other multilayer metallic coatings.
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2 Design of the Multilayer Coating
In this section we discuss the procedure to design an optimized ITO/TiN periodic
multilayered structure to be used as a coating material for solar thermal collectors.
The structure will be designed so as to exhibit the highest average absorbance in the
spectral range from 400 nm to 750 nm (visible window) for a wide range of incidence
angles from 0◦ to 50◦, but also satisfying the requirement on the thermal emissivity
that should be lower than 20 % in the mid-infrared, so as to minimize the radiative
losses of the solar collector.
The concept of multiband perfect absorbers by using metallo-/dielectric periodic
multilayers has been recently introduced [46]. It is known that such a particular geom-
etry, which regularly alternates metallic and dielectric layers (1D photonic band gap),
can be tailored for specific photonic devices to exhibit exceptional properties, for exam-
ple to obtain the transparency in metals [47,48], or to achieve the total absorbance [46]
in a wide range of wavelengths. Regarding the perfect absorbance, tailored metallo-
/dielectric periodic structures can fulfill three important requirements at the same time,
when a large number of layers (periods) are applied:
(i) To act as antireflection coating so as to minimize the sample reflectance in the
visible [49,50];
(ii) To maximize the absorbance in the metallic layers;
(iii) To guarantee a low thermal emissivity in the mid-infrared thanks to the metal
layers.
Taking the advantage of the absorbance properties already obtained with the
metallo-/dielectric periodic structures, we want to show that it is possible to achieve
better results by replacing the standard metal layers with titanium nitride (TiN) layers
[39,40].
In fact TiN is an inexpensive metal alloy with smaller free carrier concentrations than
noble metals. It behaves as a diluted metal but with material losses comparable to that of
gold, showing an optical penetration depth of about 20–30 nm, in the visible range (see
Fig. 1 obtained from the data in Ref. [51]). In addition, TiN has also good mechanical
hardness, high corrosion resistance, low frictional constant, thermodynamic stability,
relatively good thermal conductivity (≈ 20 W · m−1 · K−1), low thermal emissivity
(< 0.2), and very high melting temperature of 2930◦C, which makes it suitable for
applications such as thermal radiation engineering and thermophotovoltaics [52,53].
In our case the TiN layers are alternated with transparent indium tin oxide (ITO)
layers so as to design the ITO/TiN multilayer structure with a suitable number N
of periods as shown in Fig. 2. ITO is a transparent conductive oxide, widely used in
electronic and optical devices, and compatible with TiN during the deposition process.
ITO shows a sufficiently large optical penetration depth of about 700–1000 nm in the
visible range (see Fig. 1 [54]) together with a high refractive index (2.1 at 400 nm, and
1.8 at 800 nm), high melting point (> 1500◦C), and relatively low thermal emissivity.
An earlier study has already shown how a multilayer designed with these two
materials (ITO/TiN) can reach an average absorbance of 90 % in the visible range
and for a wide range of incidence angles by using 7 layers [39]. However, we show
here that this scheme can be further optimized by introducing a silica top layer which
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Fig. 1 Penetration depth as a
function of wavelength in the
visible range for ITO and TiN
Fig. 2 Scheme of the ITO/TiN
periodic multilayer structure (N
= 3 periods, 8 layers)
acts as an additional antireflection coating (being nSiO2 ∼= √nITO · nair), without any
relevant increase in the thermal emissivity.
The optimal thicknesses of the layers will be found by using the steepest descent
search method. This is a first-order iterative optimization algorithm which, in our
case, allows to find the local maximum of the average absorbance giving the layer
thicknesses with nm precision within 10 iterations.
The optimization of the multilayer structure in Fig. 2 is based on the following
approach and constraints:
(a) The structure is made of a sequence of N periods of identical bilayers ITO/TiN.
All the ITO layers have the same thickness dITO chosen in the range [5–100 nm] so
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to have layers thinner than λ /2 avoiding internal interference effects. All the TiN
layers have also the same thickness dTiN chosen in the interval [5–80 nm] ranging
from transparent to opaque layers. The number of periods N can be selected
from 1 to 4 so as to keep the total number of layers M not larger than 10. In
fact an increase in the performance is usually expected as the number of periods
increases, but for M > 10 the performance cannot achieve further substantial
improvements, while the realization of the multilayers becomes more difficult,
expensive, and critical due to the increasing interfacial effects.
(b) A thin silicon dioxide top layer can be optionally inserted as additional antireflec-
tion layer. Its thickness dSiO2 can be of 25 nm, 50 nm, or 75 nm, so as to increase
the absorbance in the visible range, without a relevant change in the IR emissivity.
These thicknesses are chosen as multiple of λ /16 (at the central wavelength of
600 nm) for a fine-tuning of the antireflection condition.
(c) The last 200 nm thick silver layer absorbs and stops the residual radiation. There-
fore, the results of such a numerical simulation are general and independent on
the choice of the substrate.
(d) One quantity to be maximized is the absorbance for normal incidence Ao, averaged
in the visible range. It is calculated as A= 1 − R (where R is the reflectance at
normal incidence) and integrated in the visible range from λmin = 400 nm to
λmax = 750 nm as follows
Ao =
λmax∫
λmin
(1 − R) dλ
λmax − λmin , (1)
Note that transmittance is neglected due to the thick silver layer.
(e) The final objective is to maximize the absorbance Aav that is averaged twice: in
the visible range from λmin = 400 nm to λmax = 750 nm, and also for a wide
range of incidence angles from 0◦ to θmax = 50◦ as follows
Aav =
θmax∫
0
λmax∫
λmin
(1 − R(θ)) dλdθ
(λmax − λmin) · θmax , (2)
where R(θ) is the reflectance for unpolarized light at the incident angle θ.
(f) The thermal emissivity of the whole structure is also calculated as εIR = 1-RIR
in the infrared range and averaged over the Planck blackbody radiation spectrum
at 100◦C. The thermal emissivity should be kept as small as possible (< 0.2)
to minimize the radiation losses. The calculation is done by using the literature
values for the infrared properties of TiN, ITO, SiO2, and silver [51–54].
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3 Numerical Simulations
The simulations of the light propagation in the ITO/TiN multilayer structure have
been performed by using the transfer matrix method [55]. According to this method
the incoming (outgoing) electric and magnetic fields are contained in the 2×1 vector
vi (vo). These two vectors are linked by the linear relationship vo = Ctot · vi, where
Ctot is the 2×2 transfer matrix for the whole multilayer, simply given by the product
Ctot = CM · CM−1 · CM−2 · . . ..C2 · C1,, where Ci is the 2×2 transfer matrix of the
ith layer as reported in Ref. [55]. By imposing the boundary conditions at infinity,
it is possible to calculate reflection and transmission coefficients for the fields, and
reflectance and transmittance for the power (in our case transmittance is negligible).
As described in the previous section, the simulations are done for structures
made of N periodic repetitions of the fundamental ITO/TiN bilayer with thicknesses
[dITO; dTiN]. The quantities Ao, Aav, and εIR have been calculated as a function of
all possible couples of thickness [dITO; dTiN] (see Sect. 2), for N = 1, 2, 3, 4, and
without or with a silica top layer dSiO2 of 25 nm, 50 nm, 75 nm.
The optimization procedure follows this approach: first the quantities N and dSiO2
are selected, and then, the steepest descent search method is used to find the best
couples [dITO; dTiN] which maximize the quantities Ao and Aav. Tables 1 and 2 sum-
marize the results coming from such a procedure for optimizing the absorbance Ao
and Aav, respectively.
Looking at the tables it is worth noting that:
(a) the results in Table 1 slightly differ from the ones in Table 2. The maximum of
Ao (Table 1, col.5) is reasonably a bit larger than Aav (Table 2, col.5), while the
optimal couples [dITO; dTiN] in cols.3, 4 are practically unchanged from Tables 1
to 2.
(b) the calculated emissivity for all the structures is very low, fulfilling the require-
ments (col.6).
(c) for both tables the maxima for Ao and Aav are achieved by increasing the number
of periods.
(d) For N = 4, the best performances are obtained by inserting a 50 nm top layer
of SiO2. This layer allows to increase Ao from 96.0 % to 97.0 %, and Aav from
95.4 % to 96.7 % (the data are highlighted in bold), without any relevant change
in the emissivity (col.6).
To verify how critical is the choice of the couple [dITO; dTiN], Fig. 3 shows the
contour plot for the quantities Ao (Fig. 3a) and Aav (Fig. 3b) as a function of the
thicknesses of ITO and TiN layers, without any silica layer, for N = 4 periods. In
Fig. 3 the large area inside the green circles individuates a class of possible structures
which guarantees an average absorbance of more than 95 %. The maximum of Fig. 3a
is shown by the black point at [47 nm; 16 nm], while the maximum of Fig. 3b is found
by the black point at [49 nm; 16 nm].
The same procedure can be repeated but with a silica top layer of 50 nm again for
N = 4 (this is the best case). Figure 4 shows the two contour plots for the quantities
Ao (Fig. 4a) and Aav (Fig. 4b) to be compared with the analogous contours in Fig. 3.
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Table 1 Results of the procedure to optimize the average absorbance for normal incidence Ao
Periods N Thickness
dSiO2 [nm]
Thickness
dITO [nm]
Thickness
dTiN [nm]
Ao [%] εIR 100◦C
1 None 46 81 82.7 0.047
1 25 36 81 82.4 0.044
1 50 27 78 80.4 0.043
1 75 25 75 75.4 0.043
2 None 51 24 94.5 0.062
2 25 43 24 94.0 0.059
2 50 39 24 91.9 0.058
2 75 47 22 88.4 0.065
3 None 54 20 95.9 0.069
3 25 37 16 96.2 0.065
3 50 34 15 95.7 0.065
3 75 43 14 93.6 0.073
4 None 47 16 96.0 0.070
4 25 41 14 96.7 0.071
4 50 29 12 97.0 0.071
4 75 34 11 95.3 0.073
Col.1: number of periods N ; col.2: thickness of the silica layer; col.3 optimized thickness of the ITO layers;
col.4: optimized thickness of the TiN layers; col.5: average absorbance Ao, col.6: emissivity calculated as
εIR = 1-RIR and averaged over the Plank blackbody spectrum at 100◦C
Even in this case, a large area exists where the average absorbance is above 96 %. The
maximum of Fig. 4a is reached for the couple [29 nm; 12 nm], while the maximum of
Fig. 4b is reached for the couple [30 nm; 12 nm]. From the comparison among Figs. 3
and 4 one observes that the silica top layer of 50 nm indeed allows to increase the
absorbance from 95.4 % to 96.7 %. In addition the optimal thickness dITO reduces from
49 nm to 30 nm (the ITO and SiO2 layers create a kind of effective λ /4 antireflection
coating).
In Fig. 4b it is also shown the results of the iterative process during the search of
the local maximum of Aav by using the steepest descent algorithm in the [dITO; dTiN]
space. Starting from the initial guess [5.0 nm; 5.0 nm] (out of Fig. 4b), the algorithm
finds the next couple (small points in Fig. 4b) pointing in the direction of the maximum
slope according to the Barzilai–Borwein method. Afterward, it finds [7.8 nm; 8.0 nm]
at the second iteration, [10.3 nm; 9.3 nm] at the third iteration, [14.1 nm; 10.0 nm]
at the fourth iteration, [20.5 nm; 10.2 nm] at the fifth iteration, [26.7 nm; 11.4 nm] at
the sixth iteration, and giving finally [29.7 nm; 11.8 nm] (big point in Fig. 4b) that is
rounded with nm precision in Table 2. Further iterations to reach a better approxima-
tion are useless for practical scopes. Note also that in this case the steepest descent
seems the most appropriate search method; in fact it is very easy to be implemented
and has a quick convergence because there is only one maximum in the research
space.
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Table 2 Results of the procedure to optimize the absorbance Aav averaged in the visible range and in the
range 0◦-50◦
Periods N Thickness
dSiO2 [nm]
Thickness
dITO [nm]
Thickness
dTiN [nm]
Aav [%] εIR 100◦C
1 None 48 82 81.4 0.048
1 25 38 82 82.0 0.044
1 50 30 80 80.5 0.043
1 75 26 76 76.3 0.043
2 None 53 24 94.0 0.062
2 25 45 24 93.6 0.059
2 50 39 24 91.9 0.058
2 75 47 22 88.8 0.065
3 None 58 20 95.3 0.069
3 25 39 16 95.7 0.066
3 50 35 15 95.6 0.065
3 75 43 14 93.8 0.073
4 None 49 16 95.4 0.070
4 25 41 14 96.2 0.071
4 50 30 12 96.7 0.071
4 75 34 11 95.5 0.073
Col.1: number of periods N ; col.2: thickness of the silica layer; col.3 optimized thickness of the ITO layers;
col.4: optimized thickness of the TiN layers; col.5: average absorbance Aav, col.6: emissivity calculated as
εIR = 1-RIR and averaged over the Plank blackbody spectrum at 100◦C
Fig. 3 Contour plot for the quantities Ao (a) and Aav (b) as a function of the thickness of the ITO layers
dITO and the thickness of the TiN layers dTiN. N = 4 periods. Silica layer is not included
The absorbance spectra at normal incidence is shown in Fig. 5 for the four optimized
structures highlighted by the black points in Figs. 3a, b and 4 a, b. In particular curves
(1) and (3) correspond to the optimization of Ao and Aav without silica, while curves
(2) and (4) correspond to the optimization of Ao and Aav when dSiO2 = 50nm is
introduced.
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Fig. 4 Contour plot for the quantities Ao (a) and Aav (b) as a function of the thickness of the ITO layers
dITO and the thickness of the TiN layers dTiN. N = 4 periods. Silica top layer of 50 nm is included
Fig. 5 Absorbance vs
wavelength at normal incidence.
The curves refer to the optimized
multilayered structures for
N = 4. (1) Ao is optimized for
[47 nm; 16 nm] without silica;
(2) Ao is optimized for [29 nm;
12 nm] with dSiO2 = 50 nm; (3)
Aav is optimized for [49 nm;
16 nm] without silica; (4) Aav is
optimized for [30 nm; 12nm]
with dSiO2 = 50 nm
By comparing all curves, the four structures all exhibit a high absorbance in the
visible range: no relevant differences are found between curves (1) and (3) and between
curves (2) and (4) because the two procedures to optimize Ao and Aav found very
similar structures. As expected the best absorbance is for the multilayers with dSiO2 =
50nm (curves 2,4).
To better understand the absorbing properties of the optimized multilayers, it is
useful to study the internal electric field E in the whole structure. Figure 6 shows the
amplitude of the E field in each layer for both the Aav optimized structures [49 nm;
16 nm] without silica (Fig. 6a) and [30 nm; 12 nm] with silica (Fig. 6b) at normal
incidence. For a better clarity in abscissa the scale of thickness is amplified so as to
have equally spaced layers. Looking at Fig. 6 an efficient mechanism of distributed
absorption is seen at the two wavelengths of 600 nm and 700 nm. Light penetrates
without relevant reflection through the structures, being absorbed by the TiN layers
and eventually by the silver layer. Conversely the absorption mechanism at 500 nm is
related to the light trapping and quasi-resonant absorption that is enhanced in Fig. 6b
thanks to the 50 nm silica top layer [56].
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Fig. 6 Amplitude of the internal electric field: (a) Aav optimized structure [49 nm; 16 nm] without silica;
(b) Aav optimized structure [30 nm; 12 nm] with dSiO2 = 50 nm. The curves refer to different wavelengths
(500 nm, 600 nm, 700 nm) for normal incidence. In abscissa the scale of thickness is amplified so as to have
equally spaced layers
The different mechanisms of the internal absorption can be put into evidence by
calculating the specific absorbance in each layer. Figure 7 shows the distribution of
the absorbance for the optimized structure of Fig. 6b ([30 nm; 12 nm], N = 4, with
dSiO2 = 50nm) for normal incidence, at λ = 500 nm (Fig. 7a) and at λ = 700 nm
(Fig. 7b). The absorption is mainly concentrated in the TiN layers, but with some
differences: at 700 nm the light is absorbed in the first TiN layers, while at 500 nm, in
the central TiN layers due to a resonance process.
The angular absorption properties of the two optimized structures are shown in
Fig. 8 at the reference wavelength of 500 nm. The higher absorbance is clearly found
for the multilayer where the 50 nm silica top layer is included (black curves in Fig. 8)
for both s, p polarizations, and for a wide range of angles.
To study the analysis on the absorbing properties of the multilayers, the contour
plots in Fig. 9 represent a useful tool to put together both the wavelength and angular
behavior of the absorbance for the multilayer without silica (Fig. 9a) and with a 50 nm
silica top layer (Fig. 9b). By comparing the two plots the optimized structure with
silica shows the best performances in the dotted rectangular area for angles in the
range [0◦ − 50◦] and for wavelengths in the visible range [400–750 nm]. In general
the area guarantees an absorbance larger than 98 %.
4 Discussion and Conclusions
In the previous sections, the approach to design quasi-perfect absorbers based on
ITO/TiN periodic multilayered structures has been introduced and deeply discussed.
The practical purpose is to find new optimized coatings for solar thermal collectors
with the highest achievable absorbance in the visible range from 400 nm to 750 nm,
working for a wide range of angles of incidence from 0◦ to 50◦, for both polarizations,
but with a low thermal emissivity in the mid-infrared, so as to minimize the radiative
losses. The results of the optimization procedure show that the performances of the
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Fig. 7 Specific absorbance in
each layer (%) for the optimized
structure [30 nm; 12 nm], for
N = 4, with dSiO2 = 50 nm: (a)
Normal incidence at wavelength
λ = 500 nm; (b) normal
incidence at wavelength
λ = 700 nm
Fig. 8 Absorbance at the
reference wavelength of 500nm
vs angle of incidence (red
curves). The Aav optimized
structure [49 nm; 16 nm] without
silica; (black curves) Aav
optimized structure [30 nm;
12 nm] with dSiO2 = 50 nm.
Continuous lines are for
s-polarized light, dotted lines are
for p-polarized light (Color
figure online)
structure increase with the number of periods (layers). For N = 4 periodical repetitions
of the ITO/TiN bilayer [49 nm; 16 nm], the average absorbance Aav = 95.4 % is found
that can be further improved to 96.7 % by introducing a silica top layer of 50 nm to the
ITO/TiN bilayer [30 nm; 12 nm]. Numerical simulations on the electrical field intensity
distributions show the absorption mechanisms for these structures that occur mainly
in the TiN layers, either close to the surface at the wavelength of 700 nm, or resonant
in the whole volume at the wavelength of 500 nm. The calculated emissivity in the
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Fig. 9 Contour plot for the absorbance as a function of the angle of incidence (x axis) and as a function
of the wavelengths (y axis): (a) Aav optimized structure [49 nm; 16 nm] without silica; (b) Aav optimized
structure [30 nm; 12 nm] with dSiO2 = 50 nm
Fig. 10 Maximum achievable
absorbance Aav as a function of
the number of periods N. The
histograms refer to optimized
periodic multilayers with
different materials: (black)
ITO/TiN; (gold) ITO/Au; (gray)
ITO/Ag (Color figure online)
mid-infrared is always lower than 10 %, fulfilling the requirements even with a thin
silica top layer.
To better understand the good quality of the results obtained with the ITO/TiN
periodic multilayer we eventually made a comparison with other periodic multilayers
by using noble metals such as, for example, ITO/Au (gold color) and ITO/Ag (gray
color), in the same conditions. Figure 10 summarizes the results showing the maximum
achievable Aav when an increasing number of periods are used, for the different peri-
odic multilayer structures. The highest absorbance is always obtained with ITO/TiN
multilayers.
This confirms that the proposed perfect absorbers based on ITO/TiN periodic mul-
tilayer structures can achieve the best theoretical performance. In addition there are
many other relevant advantages: the low cost of materials and fabrication process,
the thermal stability, and the high melting temperature, which all make it a suitable
coating material for solar collectors.
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